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Underground  high  voltage  electrical  cables  (5  to  15  kV) , an  inte- 
gral part  of  Naval  shore  facilities,  distribute  necessary  electrical 
power  for  fleet  support  operations.  Most  of  the  time,  they  do  this  with 
a minimum  of  trouble;  however,  as  with  all  physical  systems,  cables  are 
subject  to  occasional  failure.  These  failures  are  sometimes  due  to 
improper  installation  of  cables  and  splices  or  can  be  the  result  of 
gradual  insulation  deterioration,  possibly  aggravated  by  physical  or 
electrical  abuse.  Unfortunately,  these  failures  are  invariably  un- 
expected. 

When  power  cables  fail,  a prolonged  outage,  usually  results,  caus- 
ing a loss  in  work  time  for  the  using  activity.  For  Naval  fleet  support 
operations,  an  electrical  power  outage  may  result  in  a particular  activ- 
ity's being  unable  to  fulfill  its  mission.  One  solution  to  this  problem 
would  be  to  provide  a redundant  distribution  system  so  that  if  any  part 
fails,  an  alternate  cable  is  immediately  available.  This,  of  course,  is 
financially  infeasible  except  for  the  most  critical  loads.  Instead, 
preventive  maintenance  programs  must  be  developed  to  reduce  the  number 
of  inservice  electrical  power  outages  due  to  insulation  failure.  In 
addition  to  preventive  maintenance  programs,  rapid  and  accura*  < fault- 
location  methods  must  be  developed  to  reduce  the  time  and  cost  of  cable 
repair. 

The  objective  of  this  study  was  to  develop  state-of-the-art  accep- 
tance and  maintenance  testing  techniques  and  to  evaluate  fault-location 
devices  for  underground  high  voltage  cables  installed  at  Naval  shore 
facilities. 


BACKGROUND 

In  modern  Naval  shipyards,  electrical  energy  is  used  extensively  in 
the  repair  and  servicing  of  Naval  vessels  of  all  types.  Electricity  is 
distributed  to  the  piers  by  means  of  high  voltage  underground  cables. 
Most  of  the  operations  are  non  critical,  and  power  failures  are  more  of 
an  expensive  nuisance  than  a serious  mission  problem.  However,  some 
ships'  electrical  service  facilities  are  so  critical  that  any  power 
outage  in  excess  of  a few  minutes  is  cause  for  alarm,  and  immediate 
corrective  action  must  be  taken.  These  facilities  are  normally  provided 
with  backup  equipment  such  as  dual  service  cables,  standby  generators, 
and  automatic  switch  gear;  however,  a test  procedure  is  needed  that  may 
be  used  to  predict  the  service  life  of  the  facilities.  Cables,  in 
particular,  offer  the  most  frustration  in  that  they  are  inaccessible, 
fail  without  warning,  and  are  expensive  and  time-consuming  to  repair. 
This  is  true  of  the  noncritical  loads  as  well  as  the  critical  loads. 
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The  most  common  test  procedure  for  cable  testing  is  the  DC  high 
potential  (hi-pot)  test,  which  measures  the  leakage  current  of  the  cable 
insulation.  The  appropriateness  of  this  test  as  a cable  maintenance 
test  has  been  the  subject  of  debate  for  years:  many  users  claim  that 
the  test  damages  the  cable,  and  therefore  they  refuse  to  use  it;  others 
use  it  occasionally,  but  without  confidence.  Clearly,  what  is  needed  is 
either  an  alternative  test  method  or  a recommended  procedure  for  using 
the  hi-pot  test  equipment  where  it  may  be  applicable.  In  addition,  an 
improved  method  is  needed  for  finding  the  fault  after  it  has  occurred. 

High  voltage  underground  cable  rated  over  600  volts  must  be  shielded 
(1].  Many  of  the  cables  now  in  service  were  manufactured  with  lead 
sheaths  and  oil-impregnated  paper  insulation.  A more  popular  high 
voltage  cable  makes  use  of  polyethylene  as  the  insulation  with  a cover- 
ing of  semiconducting  sheath.  A manufacturer's  specification  on  typ- 
ical, modern,  underground  distribution  cable  is  shown  in  Figure  1.  This 
type  of  cable  (two-conductor,  concentric,  neutral  construction)  is 
generally  accepted  as  standard  design  and  is  available  for  nominal  5-to 
35 -kV  systems. 

Such  cable  is  suitable  for  direct  burial,  which  allows  a higher 
ampacity  rating  than  duct  installations  do.  The  vulcanized  or  chemical- 
ly cross-linked  polyethylene,  a comparatively  new  insulation,  is  a 
thermosetting  material  that  will  not  melt  or  drip  under  high  overload 
conditions.  Although  used  extensively  for  primary  underground  distribu- 
tion, it  is  somewhat  more  expensive  at  the  present  state-of-the-art  than 
high  molecular  wieght  polyethylene  for  the  same  voltage  rating. 


UNDERGROUND  HIGH  VOLTAGE  CABLE  TESTING 

Many  test  methods  to  determine  a cable's  suitability  for  its  intended 
use  have  been  developed  over  the  years  for  various  uses:  to  detect 
insulation  flaws  in  new  cable,  to  detect  shipping  or  installation  damage, 
to  detect  defects  in  splicing  or  termination  workmanship,  and  to  detect 
any  deterioration  of  the  cable  system  during  its  useful  life.  Because 
of  the  variety  of  test  methods,  the  following  categories  cf  cable  testing 
have  been  identified:  proof,  acceptance,  and  maintenance. 

Conventional  Test  Techniques 

Cable  Proof  Testing.  Cable  proof  tests  are  performed  by  the  cable 
manufacturer  as  part  of  an  established  quality-control  program.  These 
tests  are  performed  in  the  plant,  and  a certificate  of  test  is  available 
upon  demand.  In  proof  testing,  an  overpontential  is  impressed  on  the 
cable  and  the  results  observed.  Either  a high  voltage  alternating 
current  (AC)  or  direct  current  (DC)  can  be  used.  If  an  AC  hi-pot  test 
is  used,  the  results  observed  can  be  due  to  either  (a)  the  leakage 
current  generated  between  the  conductor  and  the  sheath  or  (b)  the  radio 
frequency  noise  (corona  test)  produced.  If  a DC  hi-pot  test  is  used, 
the  results  observed  can  be  due  to  either  (a)  the  leakage  current  or  (b) 
the  time  required  for  the  cable  to  discharge  itself  by  internal  leakage 
after  the  high  potential  is  removed. 
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The  test  criteria  are  docunented  in  published  standards  of  the 
Insulated  Power  Cable  Engineers  Association  (IPCEA)  and  of  the  National 
Electrical  Manufacturers  Association  (NEMA).  Test  methods  and  limits 
depend  upon  the  insulating  materials  used  in  the  construction  of  the 
cable  and  are  specified.  These  standards  are  revised  as  the  technology 
in  insulating  materials  advances  and  are  available  from  either  the  IPCEA 
or  the  NEMA. 

Cable  Acceptance  Testing.  After  new  cables  are  installed,  but 
before  the  cable  is  placed  in  service,  an  acceptance  test  on  the  cable 
is  performed  to  insure  that  it  has  not  been  damaged  during  installation. 
This  test  is  a DC  hi-pot  test  which,  again,  is  performed  in  accordance 
with  the  IPCEA  standards. 

A DC  acceptance  test  will  reveal  gross  imperfections  of  the  insula- 
tion, such  as  deep  perforations  of  the  insulation  of  the  use  of  improper 
materials  or  practices  used  in  splices.  This  test  is  usually  an  instal- 
lation contract  requirement  to  guarantee  to  the  user  that  the  cable, 
splices,  and  terminations  have  been  properly  installed.  This  test 
method  is  used  because  the  equipment  is  lightweight  and  portable  and  the 
test  straightforward. 

Cable  Maintenance  Testing.  Underground  high  voltage  cable  mainte- 
nance testing  presently  requires  disconnecting  the  cable  from  the  source 
and  load  so  that  the  overpotential  may  be  impressed  on  the  cable,  using 
the  DC  hi-pot  test  method.  This  disconnection,  which  constitutes  a 
planned  outage,  requires  scheduling  of  the  test  at  a time  that  will 
cause  the  least  interference  in  the  affected  activity's  mission.  A 
planned  outage  is  an  inconvenience  at  best.  Some  missions  are  so  criti- 
cal, however,  that  those  in  charge  of  these  activities  state  that  there 
is  never  a time  when  power  may  be  disconnected  to  perform  a preventive 
maintenance  test. 

In  addition  to  the  financial  loss  caused  by  idling  of  personnel  and 
loss  of  production  during  a planned  outage,  cost  of  personnel  and  equip- 
ment to  perform  such  maintenance  testing  must  be  considered.  Private 
industry  estimates  the  cost  at  approximately  $400  a circuit  per  test; 
most  of  this  cost  is  for  personnel  [2]. 

Reluctance  to  Test 

A common  misconception  about  hi-pot  testing  is  the  belief  that  a 
good  cable  may  possibily  be  damaged  during  testing.  This  belief  per- 
sists because  the  following  experience  is  often  reported:  maintenance 
personnel  perform  DC  hi-pot  test  on  a cable,  return  it  to  service,  and 
several  days  or  weeks  later  the  cable  fails.  The  usual  conclusion  is 
that  the  cable  was  good  before  the  test  but  was  damaged  during  the  test 
because  the  test  voltage  was  too  high. 

DC  hi-pot  testing,  properly  applied,  does  NOT  damage  good  insula- 
tion or  shorten  its  service  life.  Such  testing,  however,  will  weaken  an 
incipient  fault  and  thus  will  cause  cable  failure  if  the  test  voltage 
magnitude  is  to  an  appropriate  level.* 


On  the  other  hand,  it  has  been  proved  that  AC  hi-pot  testing  does 
shorten  the  life  of  electrical  insulation  [3]  (see  Figure  2). 
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The  probable  explanation  for  cable  failure  soon  after  a hi-pot  test 
is  that  an  incipient  fault  existed  in  the  cable  prior  to  the  test  but 
the  voltage  was  not  sufficiently  high  to  break  down  the  incipient  fault 
during  the  test.  For  comparion,  Figure  3 shows  the  leakage  current  for 
two  cables  - a faulty  cable  and  a sound  cable.  If  the  test  voltage  is 
limited  to  50  kV,  the  incipient  fault  may  escape  detection;  but  if  the 
test  voltage  is  raised  to  60  or  75  kV,  the  incipient  fault  will  start  to 
break  down  and  eventually  arc  over.  After  the  fault  has  broken  down,  it 
can  be  located  by  fault-locating  equipment  and  repaired.  The  advantage 
of  breaking  down  an  incipient  fault  during  the  test  is  that  personnel 
are  prepared  to  locate  and  repair  the  fault,  and  no  in-service  outage  is 
experienced. 

It  was  shown  in  one  10-year  study  of  45  manufacturing  plants  of  a 
large  corporation  that  the  periodic  testing  of  cable  systems  resulted  in 
the  elimination  of  90%  of  in-service  cable  failures  of  that  corporation 
[4]. 

Record  Keeping 

Good  records  of  all  hi-pot  testing  must  be  kept  and  consulted  to 
correctly  interpret  each  subsequent  test  of  the  same  cable.  Figures  4 
and  5 show  the  test  records  of  two  similar  underground  cables.  Figure  4 
shows  that  the  leakage  current  with  this  cable  increased  gradually  and 
in  approximately  equal  increments  from  the  time  the  cable  was  installed 
until  the  ninth  year  of  service.  Figure  5 shows  a disproportionate 
increase  from  the  seventh  year  test  to  the  ninth  year  test.  Both  cables, 
however,  show  the  same  amount  of  leakage  at  the  end  of  9 years  of  service. 
These  figures  demonstrate  the  need  for  records  of  each  cable's  test 
history.  The  cable  in  Figure  4 should  be  judged  "sound",  while  the 
cable  in  Figure  5 is  "unsound".  Without  the  records  of  previous  years, 
this  determination  would  have  been  impossible. 

Testing  Specifications 

At  present,  IPCEA  does  not  provide  specifications  for  maintenance- 
testing voltage  levels  or  for  testing  frequency.  There  is  considerable 
debate  regarding  correct  voltage  levels  to  use  for  maintenance  testing. 

A new  IEEE  standard  is  currently  in  preparation  that  should  help  to 
establish  reasonable  guidelines  [5] . 

The  latest  proposal  for  voltage  test  levels  by  the  IEEE  Insulated 
Conductors  Committee  (ICC)  was  made  in  1973  at  a steering  group  session. 
The  ICC  project  leaders  agreed  that  the  new  DC  test  level  formula  was  to 
be  70%  of  the  rated  system  Basic  Impulse  Insulation  Level  (BIL) , rounded 
off  to  the  nearest  5 kV.  Although  IPCEA  has  not,  at  this  writing, 
approved  these  new  voltage  levels.  Table  1 would  be  the  resulting  voltage 
test  levels  if  70%  BIL  was  adopted. 


Class  I service  would  be  normal  service  for  noncritical  loads. 

Class  II  would  be  for  critical  loads,  where  an  in-service  outage  would 
have  serious  consequences. 

Information  from  the  literature  on  hi-pot  testing  indicates  that, 
if  it  is  to  be  effective,  hi-pot  must  be  performed  in  a well-structured 
and  well-documented  testing  program.  In  particular,  a rigid  and  demand- 
ing acceptance  test  of  the  cable  system  immediately  after  installation 
will  uncover  a large  percentage  of  potential  failures  due  to  poor  workman- 
ship in  the  installation  process  [A, 6].  If  acceptance  tests  are  followed 
by  periodic  testing  at  sufficiently  high  voltages,  cables  having  faulty 
insulation  will  be  detected  during  these  tests  rather  than  failing  while 
in  service  (resulting  in  untimely  loss  of  that  service). 

Testing  Frequency 

The  optimum  test  frequency  has  not  been  clearly  established  due  to 
the  sparsity  of  published  testing  histories,  but  one  user  reported  that 
most  failures  were  found  in  the  first  5 years  of  cable  life.  The  probabil- 
ity of  failure  after  that  was  very  small  [4].  This  suggest  frequent 
testing  during  the  first  5 years  after  installation  and  less  frequent 
testing  thereafter. 


New  Maintenance  Testing  Concepts 

Because  of  the  many  problems  associated  with  cable  maintenance 
testing,  an  extensive  literature  search  covering  an  international  spec- 
trum of  journals  was  pursued  in  an  effort  to  discover  an  alternative 
test  method  to  the  conventional  DC  hi-pot  test.  In  addition  to  the 
extensive  literature  search,  several  electrical  utility  companies,  two 
major  cable  manufacturers,  and  three  major  test  equipment  manufacturers 
were  surveyed  to  obtain  the  latest  technical  reasoning  regarding  cable 
maintenance  testing.  No  viable  substitute  for  the  conventional  DC 
hi-pot  test  was  foimd.  Several  interesting  low  voltage  test  procedures 
were  described;  however,  they  were  discounted  because  evidence  indicates 
that  modern  cross-linked  polyethylene  insulation  may  have  two  modes  of 
failure: 

1.  The  expected  mode  of  failure  is  the  gradual  deterioration  of 
the  insulation  which  can  be  measured  by  low  voltage  as  well  as  high 
voltage  techniques. 

2.  The  newly  recognized  mode  of  failure  is  due  to  a phenomenon 
called  "treeing"  which  demonstrates  an  abrupt  breakdown  under  an  applied 
high  voltage  [4,7].  Treeing  is  a system  of  minute  cracks  whose  growth 
depends  on  the  environment  as  well  as  the  applied  high  voltage.  This 
type  of  failure  sheds  considerable  doubt  on  the  credibility  of  all  low 
voltage  test  methods  for  cable  maintenance  test  effectiveness. 

The  DC  hi-pot  test  is  used  universally  by  the  utility  companies, 
cable  manufacturers,  and  private  industry  alike  - all  with  varying 
degrees  of  success.  Nothing  of  significance  was  found  which  offered  an 
alternative  to  conventional  DC  hi-pot  testing  for  the  type  of  cables 


used  in  underground  installations.  Though  very  low  frequency  AC  hi-pot 

testing  methods  are  gaining  popularity  for  testing  insulators  and  rota-  I 

ting  machines,  this  method  is  not  suitable  for  cables  because  of  the 

large  reactive  current  caused  by  the  cable  capacitance. 

Extra  Sensitive  DC  Hi-Pot  Tests.  One  interesting  innovation  brought 
to  light  by  the  literature  search  was  the  description  by  some  Japanese  \ 

authors  of  an  improved  power  supply  for  a conventional  DC  hi-pot  tester  ■ 

[8].  The  authors  were  able  to  increase  the  sensitivity  of  the  hi-pot  j 

equipment  to  0.2  pA,  instead  of  the  usual  10  pA,  by  use  of  a voltage 
regulator  in  the  power  supply  that,  in  effect,  removed  the  normal  voltage 
fluctuations  in  the  output  high  voltage  DC.  Thus,  they  obtained  a move 
sensitive  leakage  current  reading.  Two  of  these  devices  were  fabricated; 
the  first  provided  0 to  25  kV  for  6.6-kV  cables,  and  the  second  provided 
0 to  50  kV  for  22-kV  cables.  The  units  weighed  33  lb  each  and  were  used 
extensively  in  the  field  in  conjunction  with  the  partial  disi  '^rge 
method  of  fault  location.  Some  1,500  circuits  of  6.6-kV  to  77-kV  cables 
of  different  insulations  were  tested  over  a period  of  years  using  this 
equipment  with  favorable  results.  The  test  method,  however,  is  still  a 
hi-pot  test,  and  it  appears  that  hi-potting  remains  the  only  viable  test 
method . 

In  Situ  AC  Leakage  Current  Tests.  CEL  proposed  one  alternative  to 
the  conventional  DC  hi-pot  test  by  CEL  early  in  the  investigation:  to 
monitor  the  AC  leakage  current  with  built-in  electronic  sensors  while 
the  cable  was  operating  at  normal  voltage  and  with  normal  load  connected. 

A feasibility  study  of  this  technique  was  conducted,  but  the  practicality 
of  the  method  proved  to  be  doubtful  [9].  It  was  found  infeasible  for 
practical  application  because  of  the  stringent  requirement  of  constant 
load  to  obtain  meaningful  measurements . Attempts  were  made  to  modify 
the  method  to  eliminate  or  minimize  the  constant  load  requirement,  to  no 
avail;  the  test  method  was  abandoned. 

It  appears  that  no  viable  alternative  to  the  DC  hi-pot  test  for 
field  maintenance  testing  exists.  To  assist  Naval  personnel  responsible 
for  cable  maintenance.  Appendix  A presents  a recommended  procedure  for 
using  the  hi-pot  test. 


UNDERGROUND  HIGH  VOLTAGE  CABLE  FAULT-LOCATING  TECHNIQUES 
Requirements 

In  the  past,  underground  cable  fault  locating  has  been  more  of  an 
art  than  a science;  but  today  with  better  equipment,  fault  locating  can 
be  done  rapidly  and  accurately.  Therefore,  an  investigation  of  the  more 
modern  methods  and  equipment  was  conducted  in  order  that  an  instrument 
or  combination  of  instruments  for  fault  location  could  be  recommended 
for  use  by  Naval  personnel.  The  criteria  used  to  select  the  most  appro- 
priate test  method  and  instrument  were:  (1)  independence  of  cable 
characteristic  impedance,  (2)  universal  application  to  all  types  of 
faults,  (3)  minimum  of  operator  skill,  and  (4)  speed  of  operation.  To 
make  this  selection,  all  known  conventional  fault-location  techniques 
applicable  to  underground  high  voltage  cables  were  reviewed. 
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Conventional  Fault-Location  Techniques 

Relaxation  Oscillator.  The  relaxation  oscillator  fault-location 
method  requires  only  a current-limited  high  voltage  supply  and  pulse 
counter  for  operation.  This  method  depends  on  the  internal  resistance 
of  the  power  supply  and  the  cable  capacitance  to  form  a relaxation 
oscillation  (shown  in  Figure  6).  The  frequency  of  oscillation  depends 
upon  the  capacitance  of  the  cable,  which  in  turn  is  a function  of  the 
length  of  cable  between  the  connected  end  and  the  fault.  This  test 
method  has  several  deficiencies  and  has  never  gained  popularity. 

Burn  and  Trace.  The  burn  and  trace  method  requires  a heavy  DC  high 
voltage  power  supply  to  break  the  fault  down,  then  burn  it  to  a virtual 
short  circuit.  A current  detection  instrument  makes  use  of  the  fact 
that  the  sheath  current  splits  in  two  directions  at  the  fault  (see 
Figure  7).  This  method  also  has  several  deficiencies  and  has  never 
gained  popularity. 

Ion  Path  Pulsing.  The  ion-path  pulsing  method  is  similar  to  the 
burn  and  trace  method  except  that  the  detection  instrument  detects  the 
electromagnetic  field  caused  by  the  ion  path  at  the  fault  point.  The 
electromagnetic  field  method  is  shown  in  Figure  8 and  may  be  detected  at 
ground  level.  This  method  requires  two  power  supplies  and,  therefore, 
has  never  gained  popularity. 

Time  Domain  Reflectometer  (TDR) . The  TDR  test  method  is  a low 
voltage  method,  popular  for  locating  faults  in  signal  circuits  but  with 
serious  deficiencies  when  used  on  power  cables.  The  TDR  uses  a short, 
fast  pulse  to  propagate  down  the  cable  and  reflect  back  from  any  discon- 
tinuity, such  as  a low  impedance  fault  (see  Figure  9)  [10].  However, 
that  portion  of  the  incident  pulse  reflected  depends  on  the  fault  imped- 
ance rather  than  on  the  cable  characteristic  impedance.  For  high  imped- 
ance faults,  the  reflected  protion  of  the  pulse  is  so  small  that  it 
becomes  lost  in  the  system  noise,  preventing  use  of  this  test  method. 
Consequently,  this  method  also  has  never  gained  popularity. 

Murray  Loop  Test.  The  Murray  loop  test  method  is  one  of  the  clas- 
sical bridge-type  test  methods  that  work  very  well  on  low  resistance 
ground  faults.  The  circuit  configuration  is  shown  in  Figure  10.  The 
faulty  conductor  and  an  equal  length  of  good  conductor  of  the  same  type 
are  joined  together  at  one  end,  and  a bridge  arrangement  is  set  up  at 
the  other  (test)  end,  with  a battery,  a galvanometer,  and  variable 
resistances  R and  R.  attached.  At  balance, 

R L + y 
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If  the  fault  is  a high-resistance-to-ground  type,  very  little  current 
will  flow  through  the  bridge  in  the  arrangement  shown.  In  that  case, 
the  battery  and  galvanometer  should  be  interchanged.  Readings  should  be 
taken  with  forward  and  reverse  currents  to  compensate  for  stray  earth 
potentials.  This  test  method  is  often  used;  hov ‘ver,  it  is  a low  vol- 
tage test  method  and,  therefore,  cannot  detect  the  intermittent  break- 
down type  of  fault  which  occurs  only  under  high  voltage  stress. 

Capacitor  Discharge  (Thumping) . The  capacitor  discharge  (thumping) 
method  is  by  far  the  most  popular  fault-location  method.  The  equipment 
required  is  bulky  and  must  be  mounted  in  a vehicle;  however,  the  test 
method  is  straightforward  and  simple,  as  shown  in  Figure  11.  The  DC 
high  voltage  supply  charges  up  the  capacitors  until  the  spark  gap  breaks 
over;  then  the  cable  charges  suddenly  to  the  capacitor  voltage.  The 
cable  fault  breaks  down,  and  all  of  the  stored  energy  in  the  capacitor 
bank  discharges  through  the  fault.  This  occurs  with  a loud  bang  and 
physical  jerking  of  the  cable  at  the  location  of  the  fault.  Test  person- 
nel traversing  the  length  of  the  cable  aboveground  can  hear  the  noise 
and  feel  the  ground  tremble  when  approaching  the  fault  location.  Under 
favorable  conditions  an  experienced  "thumper"  team  can  locate  a fault 
within  a few  feet,  which  accounts  for  the  popularity  of  the  method. 

The  major  deficiency  of  the  thumper  method  of  fault  location  is 
that  the  process  to  trace  the  entire  length  of  a faulted  cable  is  te- 
dious, time-consuming  - and  therefore,  expensive.  One  thumper  manufac- 
turer recommends  sampling  the  surface  route  every  10  ft.  Each  sample 
requires  approximately  1 min,  so  approximately  1-1/2  hr  are  required  to 
check  1,000  ft  of  cable.  Additional  deficiencies  include  nonapplicability 
to  cables  routed  under  buildings,  submarine  cables,  and  vertical  building 
installations . 

Digital  Universal  Fault-Locating  Equipment  (DUFLE) 

These  conventional  fault-location  methods  have  been  in  use  for  many 
years  by  public  utilities,  industry,  and  the  Navy.  However,  with  modern 
electronics,  more  sophisticated  and  portable  fault-location  techniques 
have  become  available.  The  most  promising  new  technique  requires  an 
instrument  called  the  Digital  Universal  Fault-Locating  Equipment  (DUFLE) , 
which  was  selected  by  CEL  for  laboratory  evaluation. 

Description.  The  DUFLE  (Figure  12)  consists  of  a digital  measure- 
ment instrument  and  capacitive  voltage  divider  with  an  interconnecting 
cable.  The  measuring  instrument  contains  the  logic  circuitry,  digital 
display,  a voltage-tunable  oscillator,  and  a battery  supply  with  an 
internal  battery  charger.  Equipment  specifications  for  the  DUFLE  are 
presented  in  Table  2. 

Theory  of  Operation.  The  DUFLE  has  two  distinct  modes  of  opera- 
tion: the  high  voltage  mode  and  the  line  resonance  (LR)  mode.  Both 
modes  make  use  of  the  digital  display  to  give  the  distance  to  the  fault 
in  yards. 
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1.  High  Voltage  Mode  - The  high  voltage  mode  requires  a portable, 
auxiliary,  low  current,  high  voltage  capacitor  discharge  supply.  This 
mode  is  used  to  locate  the  high  resistance  faults  or  the  intermittent 
faults  that  only  appear  when  high  voltage  is  applied  to  the  cable.  In 
this  mode  of  operation,  the  high  voltage  source  is  connected  to  one  end 
of  the  cable,  and  the  DUFLE  is  connected  through  the  voltage  divider  to 
the  other  end  of  the  cable  (see  Figure  13).  The  voltage  is  raised  on 
the  cable  until  the  fault  breaks  down;  when  this  occurs,  the  cable  is 
virtually  short  circuited  at  the  fault,  and  the  stored  energy  in  each 
part  of  the  cable  begins  to  dissipate.  In  so  doing,  a waveform  is 
generated  in  the  part  to  which  the  DUFLE  is  connected,  as  shown  in 
Figure  14.  This  waveform  is  characteristic  of  a shorted  transmission 
line,  and  its  properties  determine  the  wave  shape.  The  period  T between 
crossovers  is  related  to  the  distance  from  the  fault  to  the  end  of  the 
cable  by  the  equation: 


D = 


where  D = cable  length  between  the  fault  and  the  end  of  the  cable 
V = velocity  of  propagation  for  the  cable  under  test 
X = time  period  between  zero  crossovers 

The  digital  logic  circuit  calculates  the  distance  to  the  fault  D 
automatically  and  presents  the  information  in  yards  digitally  on  the 
front  panel.  The  pulse  waveform  is  characteristic  of  the  cable;  how- 
ever, it  is  initiated  by  the  sudden  discharge  of  energy  through  the 
fault,  which  may  cause  the  first  cycle  or  two  to  be  erratic.  To  cir- 
cumvent erroneous  readings  that  may  result,  two  switch  positions  may  be 
used  to  double-check  the  readings. 

The  first  switch  position  is  called  the  normal  position  where  the 
measurement  of  the  period  x is  delayed  by  three  cycles.  The  elapsed 
time  is  then  measured  over  the  next  four  cycles.  This  delay  avoids 
slight  inaccuracies  due  to  the  nonsinusoidal  form  of  the  early  part  of 
the  wave  and  allows  a much  more  precise  measurement.  This  measuring 
period  is  illustrated  in  Figure  15. 

In  the  second  switch  position  (called  the  short  position)  the 
measurement  of  the  period  x is  delayed  by  one  cycle;  then  the  elapsed 
time  is  measured  for  the  next  two  cycles.  As  shewn  in  Figure  15,  the 
reading  obtained  with  the  switch  in  the  short  position  should  be  approxi- 
mately one-half  the  value  obtained  in  the  normal  position.  Readings 
taken  in  the  short  position  serve  as  a check  on  the  readings  taken  in 
the  normal  position. 

Since  the  operator  cannot  see  the  waveform,  the  check  is  to  insure 
that  the  proper  waveform  is  being  generated  and  contains  a sufficient 
number  of  cycles  to  calculate  a reading.  The  DC  switch  position  is 
useful  when  testing  cables  with  branches  (this  will  be  explained  later). 
The  capacitance  discharge  impulse  generator  (Figure  16)  is  small  and 
lightweight. 
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2.  Line  Resonance  (LR)  Mode  - The  line  resonance  (LR)  mode  of 
operation  utilizes  a built-in  low  voltage,  sine  wave  oscillator  and  is 
useful  only  for  low  resistance  or  open-circuited  line  faults.  A front 
panel  meter  is  used  to  measure  relatively  the  voltage  output  of  the 
oscillator  to  determine  voltage  peaks  and  valleys  as  the  oscillator 
frequency  is  varied.  The  capacitive  discharge  impulse  generator  and 
voltage  divider  are  not  used  in  this  mode.  The  DUFLE  is  connected  to 
the  cable  as  shown  in  Figure  17.  When  the  frequency  of  the  oscillator 
is  increased  from  an  initial  low  value,  the  voltmeter  will  vary  through 
peaks  and  valleys  as  shown  in  Figure  18.  For  a very  low  resistance 
fault,  the  reading  will  rise  to  a first  maximum  at  the  frequency  at 
which  the  cable  behaves  as  a quarter-wave  transformer.  For  an  open 
circuit,  the  voltmeter  will  decrease  to  a minimum  for  the  same  condi- 
tion. By  measuring  the  time  period  of  the  oscillator  frequency  when  it 
is  tuned  to  the  first  peak  or  valley,  the  DUFLE  automatically  calculates 
and  digitally  presents  the  distance  to  the  fault  in  yards. 

In  either  mode  of  operation,  the  correct  velocity  of  propagation  of 
electromagnetic  waves  for  the  particular  type  of  cable  tested  must  be 
set  on  the  DUFLE.  The  velocity  of  propagation,  a variable,  is  a func- 
tion of  cable  construction  and  the  frequency  of  the  test  signal.  Figure 
19  shows  the  relationship  between  velocity  of  propagation  and  frequency 
for  three  of  the  most  common  types  of  cable  construction.  In  those 
instances  where  the  type  of  cable  construction  is  not  known,  a procedure 
is  given  in  the  instruction  manual  for  determining  the  velocity  of 
propagation  experimentally. 

Evaluation  of  the  DUFLE.  The  principal  characteristic  of  the  DUFLE 
to  be  verified  is  the  accuracy  of  the  fault-location  measurement.  The 
manufacturer's  stated  accuracy  is  ±2%  over  the  operational  range  of  20 
to  40,000  yd.  The  importance  of  the  measurement  accuracy  becomes  appar- 
ent when  considering  the  longer  cable  lengths.  To  verify  the  accuracy, 
a series  of  laboratory  experiments  was  conducted.  Both  modes  of  opera- 
tion were  observed  with  precise  lengths  of  type  SD  submarine  cable  used. 
This  type  of  cable  was  selected  because  of  the  rigid  dimensional  toler- 
ance control  used  in  its  manufacture.  This  type  of  cable  demonstrates  a 
precise  surge  impedance  and  velocity  of  propagation.  In  addition,  it 
features  a solid  copper  sheath  so  that  its  coaxial  transmission  line 
characteristics  may  be  accurately  predicted  mathematically.  By  the  use 
of  several  samples  of  different  lengths  as  "standards,"  the  measurement 
accuracy  of  the  DUFLE  could  be  determined. 

In  the  LR  mode,  the  accuracy  of  the  DUFLE  was  determined  by  using 
open  circuit  and  short  circuit  line  terminations,  and  then  tuning  the 
oscillator  for  respective  maximum  and  minimum  voltage  readings.  In  the 
high  voltage  mode,  the  accuracy  was  determined  by  utilizing  a spark  gap 
and  high  voltage  source  to  simulate  the  intermittent  breakover  and 
discharge  type  of  insulation  failure. 

Two  sources  of  inaccuracies  were  associated  with  the  DUFLE  while 
operating  in  the  LR  mode.  The  first  was  the  discovery  that  considerable 
warmup  time  is  required  to  stabilize  the  instrument.  This  shows  up  as  a 
phase-velocity  drift  from  the  initial  setting.  The  phase  velocity  must 
be  set  according  to  the  type  of  cable  under  test  prior  to  fault-location 
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measurements.  The  drift  due  to  warmup  time  alone  was  sufficient  to 
cause  a 6%  error  in  fault  location.  After  further  investigation,  it  was 
observed  that  most  of  the  drift  occurred  immediately  after  turning  the 
instrument  on.  After  an  hour  the  unit  had  stabilized  sufficiently  to 
avoid  the  drift  problem  completely,  if  the  proper  phase  velocity  is 
reset  and  measurements  made  within  15  minutes. 

The  second  source  of  inaccuracy  was  observed  when  the  fault  distance 
readout  for  an  open-circuited  cable  was  compared  to  that  obtained  from 
the  same  line  short-circuited  at  the  far  end.  These  two  readings  should 
be  identical;  however,  they  differed  by  as  much  as  8%.  Apparently  this 
was  caused  by  insufficient  isolation  between  the  input  circuit  and  the 
internal  oscillator  circuitry  that  develops  the  output  digital  readings. 

A tuned  quarter-wave  line  acts  as  an  impedance  transformer,  so  that  an 
open-circuited  line  appears  as  a short  circuit  to  the  DUFLE  and  a short- 
circuited  line  appears  as  an  open  circuit  to  the  DUFLE.  The  extremes  of 
impedance  appear  to  affect  the  distance  readings  of  the  DUFLE.  Conversely, 
when  the  phase  velocity  of  the  line  is  being  measured  with  the  DUFLE, 
the  same  error  will  be  present,  depending  upon  whether  the  line  is 
open-circuited  or  short-circuited.  About  all  that  can  be  done  by  the 
operator  to  minimize  this  error  is  to  obtain  phase-velocity  readings 
from  both  the  open-  and  short-circuited  line  and  to  average  the  two 
readings  for  the  actual  tests.  This  will  yield  an  answer  within  4% 
accuracy. 

In  the  high  voltage  discharge  mode,  the  source  of  inaccuracies  was 
determined  to  be  simply  the  irregularities  associated  with  the  initiation 
of  the  characteristic  pulse  generated  by  the  insulation  breakdown  and 
the  nonsinusoidal  form  of  the  early  part  of  the  waveform  as  shown  in 
Figure  14.  These  irregularities  are  expected  in  any  kind  of  arc  discharge, 
and  the  manufacturer  recommends  taking  10  readings  and  averaging  them  to 
determine  the  best  estimate  of  the  distance  to  the  fault.  This  procedure 
was  tried  many  times  on  different  lengths  of  the  SD  submarine  cable  in 
the  laboratory  with  surprisingly  good  results.  The  averaged  readings 
were  always  within  5%  of  the  actual  distances. 

Another  difficulty  in  using  the  DUFLE  became  apparent  when  the 
theory  of  operation  was  considered  and  was  verified  in  the  laboratory. 

In  both  modes  of  operation,  erroneous  readings  are  obtained  when  readings 
are  attempted  on  cables  containing  one  or  more  branches.  The  degree  of 
error  depends  upon  the  number  of  branches,  their  length  in  relationship 
to  the  main  cable  length,  and  their  location.  A special  study  was  made 
to  determine  the  expected  errors  from  cables  containing  branches;  the 
results  are  summarized  in  Appendix  B. 

The  DUFLE  was  taken  to  the  Miramar  Naval  Air  Station  in  California 
where  it  could  be  used  on  actual  high  voltage  cables  by  public  works 
personnel  at  the  station.  The  DUFLE  unit  was  demonstrated  and  the 

operational  theory  explained  to  the  high  voltage  test  electricians.  The  ( 

DUFLE  was  left  with  the  electricians  for  1 month,  when  CEL  personnel  ] 

returned  to  answer  questions  and  review  progress.  The  DUFLE  was  again  | 

left  for  a period  of  2 more  months,  with  the  electricians  who,  during  j 

that  time,  had  ample  opportunity  to  experiment  with  the  instrument  (see  j 
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Figure  20).  The  reaction  of  the  test  electricians  to  the  instrument  was 
favorable;  however,  no  real  life  cable  failures  occurred  during  the 
field  test  period.  Two  additional  problems,  however,  became  apparent 
during  the  field  tests:  first,  the  digital  readout  is  difficult  to  read 
in  direct  sunlight;  and  second,  the  instruction  book  supplied  by  the 
manufacturer  is  not  well-written  from  the  user's  viewpoint.  A simplified, 
user-oriented  handbook  would  be  necessary  for  use  in  the  field. 


DISCUSSION 

The  search  for  alternate  methods  of  testing  underground  high  voltage 
cable  has  not  been  fruitful.  The  in-depth  study  of  monitoring  the  cable 
leakage  currents  with  built-in  sensors  while  the  cable  is  operating  at 
normal  voltages  and  currents  shows  that  this  concept  has  limited  Naval 
applications  because  of  the  strong  dependence  of  the  method  on  load 
conditions.  Two  possible  applications  are  at  Naval  hospitals,  which 
have  redundant  electrical  power  service,  and  nuclear  ship  piers,  where 
the  cables  would  be  unloaded  or  very  lightly  loaded  at  periodic  intervals. 

Even  in  these  limited  applications,  the  mathematical  analysis  is,  at 
best,  encouraging  but  not  conclusive. 

The  disturbing  fact  that  polyethylene  insulation  demonstrates  a 
nonlinear  type  of  failure  renders  low  voltage  test  methods  unsuitable. 

This  leaves  the  high  voltage  test  methods  as  the  only  acceptable  ones; 
the  DC  hi-pot  test  is  the  best  for  testing  the  quality  of  cable  insulation 
in  the  field. 

For  DC  hi-pot  testing  to  be  effective,  it  must  be  performed  in  a 
well-structured,  documented  testing  program.  In  particular,  a rigid  and 
demanding  acceptance  test  of  the  cable  system  immediately  after  it  is 
installed  will  uncover  a large  percentage  of  potential  failures  that 
could  be  caused  by  poor  workmanship  in  the  installation  process. 

Hi-pot  maintenance  testing  may  include  determining  if  incipient 
faults  exist  on  a cable  and  forcing  those  faults  to  fail  during  the  test 
rather  than  while  the  cable  is  in  service.  In  any  case,  correct  DC 
hi-pot  testing  will  reduce  the  number  of  in-service  outages. 

The  search  for  an  improved  cable  fault  location  device  was  very 
sucessful.  The  Digital  Universal  Fault  Location  Equipment  (DUFLE) 
represents  a major  improvement  in  fault  locating  techniques.  The  theory 
behind  this  divice  is  sound  and  it  will  probably  require  a second  or 
third  generation  of  hardware  for  this  technique  to  reach  its  full  potential.  i 
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CONCLUSIONS  j 

I 

1.  DC  hi-pot  testing  does  not  harm  good  insulation. 

2.  Management  should  base  the  decision  on  whether  or  not  maintenance 
testing  is  to  be  performed  on  the  cost  and  seriousness  of  an  unexpected 
in-service  outage.  If  maintenance  testing  is  to  be  implemented,  the  DC 
hi-pot  test  method  must  be  used. 
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3.  The  high-voltage,  impulse-tracing  method  (thumper)  is  the  present 
technique  used  to  locate  faults  in  underground  high  voltage  cables. 
Although  the  method  is  time  consuming  and  the  equipment  bulky  in  size 
and  weight,  this  method  has  proved  itself  to  be  simple,  reliable,  and 
accurate. 

4.  The  new  method  of  fault  location,  known  as  the  Digital  Universal 
Fault-Locating  Equipment  (DUFLE),  is  lightweight,  accurate,  and  versatile. 
It  could  speed  the  location  of  many  faults  by  reducing  or  eliminating 
completely  the  surface  route  length  to  be  traced.  This  generally  will 
reduce  the  time  required  to  locate  faults  substantially.  To  locate  high 
resistance  or  arcing  faults,  it  must  be  used  in  conjunction  with  a 
capacitive  discharge  impulse  generator. 

5.  The  location  of  faults  in  cables  with  branch  circuits  is  more  dif- 
ficult than  with  circuits  without  branches;  special  procedures  must  be 
implemented. 

RECOMMENDATIONS 

The  following  procedures  are  recommended  as  minimum  in  a structured 
cable-testing  program. 

1.  The  DC  hi-pot  method  should  be  used. 

2.  An  acceptance  test  should  be  performed  on  the  cable  system 
immediately  after  cable  installation. 

3.  Maintenance  should  be  performed  frequently  on  the  following 
schedule:  the  first  maintenance  test  should  be  performed  after  6 mo  and 
no  later  than  12  mo  of  service;  annually  for  the  following  4 yr;  and 
biannually  thereafter  with  detailed  records  of  each  test  kept  for  later 
comparison.  The  test  voltage  levels  in  Table  1 should  be  used  until  the 
new  IEEE  standard  "Guide  for  Making  High  Direct  Voltage  Test"  is  issued; 
thereafter,  the  standard  should  be  used. 

4.  A DUFLE  should  be  used  in  conjunction  with  a portable  capaci- 
tive discharge  impulse  generator  where  maintenance  personnel  wish  to 
improve  and  accelerate  the  fault-location  process. 
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Table  1.  Proposed  IEEE  Maintenance  Test  Potentials  for  All  Cable  Types 

Serving  Both  Critical  (Class  II)  and  Noncritical  (Class  I)  Loads 


Service 

Voltage 

(kV) 


Initial 

Installation 

(kV) 


Service  (kV) 

Class  I 

Class  11 

30 

40 

40 

50 

50 

65 

55 

75 

80 

105 

90 

120 

105 

140 

130 

185 

Table  2.  DUFLE  Specifications 


Item 

Specifications 

Range 

20  to  40,000  yd 

Divider  Voltage 

500  V to  30  kV 

Interconnecting  Cable 

Approximately  5 yd 

Power  Supply 

12  1.25-V  NiCad  D cells,  with 
internal  120-V,  60  Hz  charger 

Measuring  Unit  Dimensions 

10  X 14  X 8-1/4  in. 

Voltage  Divider  Dimensions 

16-1/4  X 7-1/2  X 4-3/4  in. 

Measuring  Unit  Weight 

22  lb 

Voltage  Divider  Weight 

4 lb 

Shipping  Space  Requirements 

3 ft^,  33  lb 

high-mulrcularwcight 
polyethylene  insulation 


ex  t r Uilcd  -cun  due  1 1 fi|: 
polyethylene 


copper 

\ conducting 

aluminum 

concentric 

polyethylene 

or  copper 

neutral 

iackei 

conductor 

. i .....  1 Jacket,  Outside  Neutral  u Ampacity 

Sue  ...  Insulation  Jacket  ’ K,  • Weight  •,  

I Stranding  . ...  Diameter  No./AWO  ,,  ^ . 1 -i 

AWG/MCM  1 ® I (mils)  I , I ! (U>/1.000fi)  | I L»ircctl 


Figure  1.  Typical  manufacturer's  specifications  for  15-kV 
underground  distrib'icion  cable. 


Figure  2.  Endurance  test  of  15-kV  insulation,  comparing  high 
voltage  AC  and  DC  potentials. 


DC  Leakage  Current  (mA) 


Test  Voltage  (kV) 


Figure  5.  Hi-pot  test  record  of  15-kV  underground  cable,  showing 

unusual  degradation  of  the  insulation  between  the  seventh 
and  ninth  yr  of  service. 


Figure  7.  Burn  and  then  trace  mode  of  fault  location. 


Figure  8.  Electromagnetic  field  method  of  fault  location. 
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Figure  11.  Capacitor  discharge  (thumper)  method  of  fault 
location. 


Figure  12.  Digital  Universal  Fault  Locator  Equipment  (DUFLE). 


positions 


norma) 


Figure  15.  '.’’he  three  measuring  periods  for  the  high  voltage 

mode  of  operation. 


HIGH  VOLT, 

10,000  VOLT 
UNDER 


Figure  16.  Capacitor  discharge  impulse  generator  used  with  the 
DUFLE  in  the  high  voltage  mode  of  operation. 
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DUFLE  connected  to  test  cable  for  LR 
mode  of  operation. 


voltage  distril>uiion  along 
calilc  vsiih  sh<irt  circuit 
at  various 

harnuinic  frciiucncics 


short 


liarnuMtK  nuntlui  (n) 


Figure  18.  Line  resonance  method  of  fault  location  for  low 
resistance  and  open-circuited  faults. 
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Figure  19.  Velocity  of  propagation  of  electromagnetic  waves 
for  a variety  of  11-kV  cables. 


Figure  20.  Field  test  of  high  voltage  underground  cable  using  the 
DUFLE  at  Naval  Air  Station,  Miramar. 


Appendix  A 

RECOMMENDED  PROCEDURE  FOR  MAINTENANCE  TESTING 
OF  HIGH  VOLTAGE  UNDERGROUND  CABLE 

DC  high  potential  naintenance  tests  are  performed  primarily  to 
determine  the  condition  of  the  cable  insulation.  An  experienced  opera- 
tor working  within  the  framework  of  a good  maintenance  program  can 
frequently  predict  an  impending  cable  failure  and  often  make  a good 
estimate  of  the  future  operating  life  of  the  cable.  The  exact  voltage 
at  which  breakdown  will  occur  is  not  particularly  important,  but  the 
relative  condition  of  the  insulation  at,  and  somewhat  above  operating 
voltage  is  of  primary  interest.  Two  tests  are  recommended  to  achieve 
this  result:  the  "leakage  current  versus  voltage  test"  and  the  "current 
versus  time"  test.  It  is  recommended  that  both  be  performed  and  in  that 
order. 

Before  these  tests  are  performed,  all  terminations  and  loads  are 
disconnected  from  the  cable  being  tested;  the  shield  and  unused  phase 
conductors  are  grounded;  and  the  high  voltage  lead  of  the  hi-pot  tester 
is  connected  to  the  center  conductor  of  the  cable  under  test. 

Then  the  voltage  is  slowly  raised  in  discrete  steps,  allowing 
sufficient  time  at  each  step  for  the  leakage  current  to  stabilize.  Each 
time  the  voltage  is  raised,  the  leakage  current  will  jump  high,  then 
slowly  decrease  with  time  until  a steady  minimum  value  is  reached.  The 
initial  high  value  of  current  for  each  step  is  called  the  charging 
current  and  is  dependent  primarily  upon  the  capacitance  of  the  cable 
under  test.  The  lower  steady-state  current  consists  of  th’  actual 
leakage  current  and  the  dielectric  absorption  current,  which  is  relative- 
ly minor  (see  Figure  A-1)  [11].  The  value  of  the  leakage  current  is 
noted  at  each  step  of  voltage;  as  the  voltage  is  raised,  a curve  of 
leakage  current  versus  voltage  is  plotted,  as  shown  in  Figure  A-2.  As 
long  as  this  curve  is  a straight  line  (equal  increments  of  voltage 
giving  equal  increments  of  current,  points  A and  B of  Figure  A-2),  the 
cable  under  test  is  considered  to  be  in  good  condition.  At  some  point 
the  current  will  begin  rising  at  a more  rapid  rate  (point  C,  Figure 
A-2).  This  will  show  up  on  the  plot  as  a knee  in  the  curve.  It  is  very 
important  that  the  voltage  increments  be  small  enough  so  that  the  start- 
ing point  of  this  knee  can  be  observed.  If  the  test  is  carried  beyond 
the  start  of  the  knee,  the  current  will  increase  at  a much  more  rapid 
rate  and  breakdown  will  soon  occur  (point  D,  Figure  A-2).  Unless  break- 
down is  actually  desired,  it  is  wise  to  halt  the  test  as  soon  as  the 
beginning  of  the  knee  in  the  curve  is  observed. 

With  a little  experience,  the  operator  can  extrapolate  the  curve 
and  estimate  the  point  of  breakdown  voltage.  This  extrapolation  proce- 
dure enables  the  the  operator  to  anticipate  the  breakdown  voltage  with- 
out actually  damaging  the  insulation.  The  important  thing  to  watch  for 
is  the  rate  of  change  of  current  as  the  voltage  is  raised,  much  informa- 
tion may  be  obtained  from  the  value  of  the  current.  A comparison  of  the 
leakage  current  from  phase  to  phase  or  a comparison  with  the  leakage 
current  values  obtained  on  tests  made  with  the  same  equipment  on  prior 
occasions  will  give  an  indication  of  the  condition  of  the  insulation. 
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In  general,  higher  leakage  current  is  an  indication  of  poorer  insula- 
tion. However,  this  is  a matter  difficult  to  evaluate  from  a single 
test  and,  therefore  evaluation  under  these  circumstances  should  not  be 
done. 

On  long  cable  runs  having  high  capacitance,  the  time  for  current 
stabilization  with  each  step  in  voltage  may  be  several  minutes  to  an 
hour.  To  minimize  the  testing  time  under  these  conditions,  it  is  recom- 
mended that  a reading  be  taken  after  each  voltage  step  at  fixed  inter- 
vals. For  example,  voltage  could  be  brought  up  to  the  first  step, 
allowed  to  remain  there  for  5 minutes  and  then  the  current  reading 
taken.  The  voltage  is  then  raised  to  the  next  step,  again  5 minutes  is 
allowed  and  the  current  reading  taken.  This  procedure  is  continued 
throughout  the  test.  While  this  method  will  not  give  the  true  leakage 
current  at  any  point,  it  will  still  give  the  properly  shaped  curve  and 
will  permit  the  same  evaluation. 

When  the  final  voltage  step  is  reached,  the  hi-pot  tester  is  left 
on  and  a new  current  versus  time  curve  is  plotted  (see  Figure  A-3). 

This  is  done  by  recording  the  current  at  fixed  intervals  as  it  decays 
from  the  initial  high  charging  value  to  the  steady  state  leakage  value. 
This  curve  for  good  cable  should  indicate  a continuous  decrease  in 
leakage  current  with  time  or  a stabilization  of  the  current  without  any 
increase  during  the  test.  Any  increase  of  current  during  this  test 
would  be  indicative  of  failing  insulation,  (see  Figure  A-4)  and  the  test 
should  be  terminated. 

After  the  last  reading  has  been  taken,  the  high  voltage  should  be 
shut  off.  The  kilovoltmeter  on  the  hi-pot  instrument  will  indicate  the 
actual  voltage  present  on  the  cable  as  the  internal  circuitry  permits 
the  charge  to  gradually  bleed  off.  After  the  voltage  reaches  zero,  an 
external  ground  is  put  on  the  cable,  which  is  then  disconnected.  The 
cable  should  be  kept  grounded  since  the  effect  of  absorption  currents 
may  cause  a buildup  of  voltage  in  the  cable  under  test  until  after  it 
has  been  grounded  for  some  time. 

During  the  current  versus  voltage  test,  a rapid  rise  in  current  may 
occur  - not  because  of  defects  in  the  cable  insulation  but  because  of 
surface  leakage  or  corona  at  the  cable  ends.  The  better  commercial 
hi-pot  testers  incorporate  internal  circuitry  to  bypass  this  stray 
current  so  that  it  does  not  interfere  with  the  leakage  measurements.  By 
proper  use  of  the  guard  circuit  and  a corona  ring  when  necessary,  excel- 
lent low  level  leakage  current  measurements  may  be  made.  The  technique 
consists  of  providing  a separate  path  for  these  stray  currents,  bypass- 
ing them  around  the  metering  circuit,  and  only  feeding  the  leakage 
current  to  be  measured  through  the  metering  circuit. 
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inilid  charging  current 


Figure  A-1.  Cable  leakage  current 
response  to  a step 
voltage  Increase. 


Figure  A-2.  Cable  leakage  current 
plotted  versus  applied 
voltage. 


I""! Voltage »|« Time >• 


Figure  A-3.  Current  versus  time 
test  to  be  performed 
upon  reaching  full 
test  voltage. 


Time 


Figure  A-4.  Stabilized  current  versus 
time  characteristics, 
indicative  of  poor  cable 
insulation. 
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Appendix  B 

OPERATION  OF  THE  DUFLE  ON  BRANCHED  CIRCUITS 

The  operation  of  the  DUFLE  is  slightly  more  complicated  when  the 
cable  under  test  has  branch  circuits  attached.  In  both  modes  of  opera- 
tion - high  voltage  and  LR  - the  period  of  osciallation  is  related  to 
the  length  of  a single  cable,  as  follows: 


When  branches  exist,  this  relationship  is  altered,  and  the  actual  relation- 
ship is  quite  complex.  Some  practical  steps  can  be  taken,  however,  to 
avoid  the  problem;  the  following  discussion  will  point  these  out. 

First,  the  physical  layout  of  the  cable  must  be  known,  either  from 
experience  or  installation  drawings.  All  loads  must  be  disconnected, 
and  each  branch  identified  and  each  length  measured.  If  the  velocity  of 
propagation  for  the  cable  is  not  known,  a special  procedure  must  be  used 
which  will  be  described  later.  With  the  velocity  of  propagation  assumed 
known,  then  the  capacitive  discharge  impulse  generator  should  be  connected 
to  the  main  cable  and  each  branch  circuit  examined  with  the  DUFLE,  using 
the  DC  switch  position.  The  branch  which  does  not  show  a DC  component 
to  the  pulse  contains  the  fault.  This  effect  is  shown  in  Figure  B-1. 

The  DUFLE  will  correctly  indicate  the  distance  to  a fault  on  a 
branched  circuit  if  it  is  connected  to  the  branch  which  contains  the 
fault.  This  is  true  of  either  mode  of  operation.  If  it  is  not  possible 
to  connect  the  DUFLE  to  the  faulty  btanch  (for  example,  when  the  fault 
lies  between  two  branches  as  shown  in  Figure  B-2),  the  system  must  be 
simplified  by  breaking  down  one  of  the  splices  and  the  DUFLE  connected 
as  shown  in  Figure  B-3. 

If  there  is  only  one  branch,  the  error  in  distance  measurement  to 
the  fault  may  be  estimated  by  using  Table  B-1,  which  contains  correction 
factors  for  an  open-circuited,  branched  cable  (illustrated  in  the  accom- 
panying diagram).  If  the  cable  and  the  branch  lengths  are  known,  the 
correction  factor  may  be  extracted  from  the  table.  On  an  open- 
circuited,  branched  cable,  the  reading  will  always  be  high  using  the 
DUFLE  in  the  LR  mode.  The  severity  of  the  error  is  a function  of  the 
branch  length  and  its  location  on  the  main  cable.  In  many  instances, 
however,  the  error  is  small,  and  the  reading  obtained  is  close  enough. 

This  method  is  only  good  for  open-circuit  faults,  however,  where  the  LR 
mode  is  used.  The  table  is  not  applicable  to  short-circuited  cables  or 
cables  with  a high-resistance,  intermittent  fault.  The  table  may  not  be 
used  at  all  for  cables  containing  multiple  branches;  with  this  type  of 
cable  each  branch  length  must  be  tested  separately. 

The  velocity  of  propagation  for  the  branched  cable  may  not  be 
known.  In  such  a case,  a special  procedure  may  be  used  to  determine  the 
unknown  velocity.  If  an  alternate  cable  of  the  three-phase  branched 
line  is  known  to  be  good  and  the  lengths  of  the  cable  and  its  branch  are 


31 


known,  then  the  following  procedure  may  be  used  to  determine  the  velocity 
of  propagation.  As  shown  in  Table  B-1  and  the  accompanying  cable  diagram, 
the  DUFLE  will  always  present  a line  length  greater  than  the  actual 
length  on  a branched  cable.  Therefore,  the  actual  length  of  the  cable 
may  be  determined  by  the  equation 


. . apparent  length  as  measured  with  DUFLE 

actual  length  = ■= — 

° correction  factor 


In  this  case  the  actual  lengths  L^,  L. , and  are  known  so  the  proper 
correction  fabtor  may  be  found  from  tne  tableland  the  apparent  length 
calculated  as  follows: 

apparent  length  = (correction  factor)  (actual  length) 


The  DUFLE  is  then  connected  to  the  good  cable,  and  the  phase  velocity  is 
adjusted  while  observing  the  length  presentation.  When  the  length 
presented  by  the  DUFLE  reached  the  apparent  length  as  calculated  above, 
the  phase  velocity  knob  is  released  and  the  output  switched  to  read  the 
phase  velocity.  This  phase  velocity  is  then  used  to  perform  the  fault- 
location  tests  on  the  faulty  cable. 
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Voltages  appearing  at  the  terminals  of  a branched  cable 
with  fault  at  point  F . 


Figure  B-3.  When  fault  lies  between  branches,  T-splices  tested 
separately. 
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VA;  J.  Taylor.  Iwakuni  Japan;  PWD.  Dir.  Maint.  Control  Div..  Iwakuni  Japan;  PWO  Kaneohe  Bay  HI;  PWO 
Utilities(Paro).  Iwakuni.  Japan;  PWO.  Yuma  AZ 
MCRDPWO.San  Diego  Ca 

N AD  Code  01 1 B-l,  Hawthorne  NV;  Engr.  Dir.  Hawthorne.  NV;  PWD  Nat./Resr,  Mgr  Forester.  McAlester  OK 
NAF  PWOSigonella  Sicily;  PWO.  Atsugi  Japiin 

NAS  Asst  C/S  CE  Corpus  Christi.TX;  CO,  Guantanamo  Bay  Cuba;  Code  1 14.  Alameda  C A;  Code  18.5  (Fac.  Plan  BR 
MGR);  Code  187.  Jacksonville  FL;Code  I87(K).  Brunswick  ME;  Code  I8U  (ENS  P.J.  Hickev).  Corpus  Christi  I X; 
Code 62.54  (G.  Trask).  Point  Mugu  CA;  Code  70.  Atlanta,  Marietta  GA;  Dir.  Util.  Div.,  Bermuda;  F-NS  Buchhol/. 
Pensacola.  FL;  Lakehurst.  NJ;  PW(J.  Maguire).  Corpus  Christi  TX;  PWDtM.B.  Trewitt).  Dallas  TX;  PW  I)  Maim. 
Div..  New  Orleans.  Belle  Chasse  LA;  PWD,  Maintenance  Control  Dir..  Bermuda;  PW  D.  Willow  Grove  PA;  PWO 
Belle Cfuisse.  LA;  PWOChase  Field  Beeville.TX;  PWO  Key  West  FL;  PWO  Whiting  Fid.  Milton  FL;  PWO.  Dallas 
TX;  PWO.  Glenview  IL;  PWO,  Kingsville  TX;  PWO.  Millington  TN;  PWO,  Miramar.  San  Diego  CA;  PWO.. 
Moffett  Field  CA;  SCE  l.ant  Fleet  Norfolk.  V A;  SCE  Norfolk.  V A 
NATL  RESEARt  H COUNCIL  Naval  Studies  Board.  Washington  DC 
NATNAVMEIX'EN  PWO  Bethesda,  MD 
NATPARACHUTETESTRAN  PW  Engr.  El  Centro  CA 
NAVACTPWO.  London  UK 
NAVAEROSPRKGMEDCEN  SCE.  Pensacola  FL 

NAVAl. FACILITY  PWO,  Barbados;  PWO.  Brawdy  Wales  UK;  PWO.  Cape  Hatteras.  Buxton  NC;  PWO.  Centerville 
Bch.  Fcrndale  CA;  PWO.  Guam 
NAVAVIONICFAC  PWD  Deputy  Dir.  D/701.  Indianapolis.  IN 

NAVCOASTSYSLAB  Code  425  (D.  GixxJ),  Panama  City  FL;  Library  Panama  City,  FL 

N AVCOMMAREAMSTRSTA  Code  W-6()2.  Honolulu.  Wahiawa  HI;  PWO,  Norfolk  VA;  PWO,  Wahiawa  HI;  SCE 
Unit  I Naples  Italy 
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N AVC  OMMSTA  CO  (61 E)  I'ucrio  Rico;  CO.  San  Miguel.  R.P.;  Code  401  Nea  Makri.  Greece;  PWO.  Adak  AK.  PWO. 

K\nioulh.  Ausdalia;  PWO.  Fori  Amador  Canal  Zi>ne 
N AVCOMMUNIT  Ciiller/E.  Machias  MF:  (PW  Gen.  For. ) 

NAVCONSTRACFN  COlCOR  CM..  Neugenl).  Port  Hueneme.CA 
N AVF.lFIRAPROin. VCKN  Tech,  l ibrary 
N AVF  AC  PWO.  l.ewes  OF! 

N.AVF'ACFNGCOM  Code  04.1  AIc.xandria.  VA;  Code  044  AIc.xandria.  VA:  Code  0451  Alexandria.  VA;  Code  04.MB 
.Alex;indria.  Va;  C'ode  04B.?  Alexandria.  VA;  C'ode  04B5  Alexandria.  VA;  Code  101  Alexandria.  VA;  Code  1023  (M. 
Carr)  Alexandria.  V A;  Code  1023 (T.  Stevens)  Alexandria.  V A;  Code  104  Alexandria.  VA;  Code  2014  (Mr.  Taam). 
Pearl  Flarbor  Fll;  Morrison  Yap.  Caroline  Is.;  P W Brewer 
NAVFACHNGCOM  -CHFS  HIV.  Code  101  Wash.  DC;  Code 402  (R.  Morony)  Wash.  DC;  Code 403  ( H . DeVoe) 
Wash.  IX';  Code  405  Wash.  DC;  Code  FPO-lSP(Dr.  l.evvis)  Wash.  DC;  Code  FPO-1PI2  (Mr.  Scola).  Washington 
IH' 

NAVF.ACF;N(.C0M-1.AN1DIV.;  Code  111.  Norfolk.  VA;  Eur.  BR  Deputy  Dir.  Naples  Italy;  LANTDIVtE.J. 

Peltier)  Alexandria.  VA;  RDT&F:1.0(WP2.  Norfolk  VA 
N.AVFACENGCOM  - NORTH  DIV.  CO;  Code  1028.  RDT&El.O.  Philadelphia  PA;  Code  1 1 1 (Castranovo) 

Philadelphia.  PA;  Code  1 14  (A.  Rhmds);  [3esign  Div.  (R.  Masino).  Philadelphia  PA;  ROICC.  Contracts.  Crane  IN 
NAVFACENGCOM  - PAC  DIV.  Code  402.  RDT&E.  Pearl  Harbor  HI;  Commander.  Pearl  Harbor.  HI 
N AVFACENGCOM  - SOUTH  DIV.  Code  90.  RDT&ELO.  Charleston  SC;  Dir..  New  Orleans  LA 
NAVFACF.NGCOM  - WEST  DIV.  102;  112;  AROICC.  Comracls.  Twenlynine  Palms  CA;  Code04B;  O9P/20; 
KDT&El.OCode20l  I San  Bruno.  CA 

N AVF.ACENGCOM  CONTRACT  AROICC.  Point  Mugu  CA;  AROICC.  Quantico.  VA;  Code  05. 1 RIDENT. 

Bremenon  WA;  Dir.  Eng.  Div..  Exmouth.  Australia;  Eng  Div  dir.  Southwest  Pac.  Manila.  PI;  OICC.  Southwest 
Pac.  Manihi.  PI;  OICC/ROICC.  Balboa  Canal  7ame;  ROICC  LANT  DIV..  Norfolk  VA;  ROICC  Off  Point  Mugu. 
CA;  ROICC.  Keflavik.  Iceland;  ROICC.  Pacific.  San  Bruno  CA 
N AVHOSP  l.l  R.  Elsbernd.  Puerto  Rico 

NAVNUPW  RU  MUSFl  DF.T  Code  NPU80(ENS  W.  Morrison).  Port  Hueneme  CA;  OIC.  Port  Hueneme  CA 
NA  V(X  EANSYSCEN  Code  6.^65  (Tech.  Lib./.  San  Diego  CA;  Code  6700.  San  Diego.  CA;  Code  751 1 (PWO)  San 
Diego.  C A.  SCE  (Code  6600).  San  Diego  CA 
NAVORDSTA  PWO.  Loutsville  KY 
NAVPFTOFFCode  .30.  Alexandria  VA 
NAVPHIB.ASF  CO.  ACB  2 Norfolk.  VA 
NAVRADRECFAC  PWO.  Kami  Seya  Japan 

N AVREGMEIX'EN  Chief  of  Police.  Camp  Pendleton  C A;  PWO  Newport  Rl;  PWO  Portsmouth.  VA;  SCE  (D.  Kaye); 

SCF"  (LCDR  B E.  Thurston).  San  Diego C.A;  SCE.  Guam 
N.AVSCOLCECOFF  C35  Port  Hueneme.  CA;  CO.  Code  C44A  Port  Hueneme.  CA 
N.AVSFC  Code  715  (J.  Quirk)  Panama  City.  FL 

NAVSFCGRC.ACr  PWO.  Edzell  Scotland;  PWO.  Puerto  Rico;  PWO.  Torri  Sta.  Okinawa 
NAVSHIPREPI  ACSCE  Subic  Bay 

NAVSHIPYDt  ()  Marine  Batfacks.  Norfolk.  Portsmouth  VA;  Code  202.4.  Long  Beach  CA;  Cixie  202.5  (Library) 
Puget  Sound.  Bremerton  W .A;  Code  .380.  (Woodtoff)  Norfolk.  Portsmouth.  VA;  Code  4(K).  Puget  Sound;  Code 
4(K).()3  Long  Beach.  CA;  Code  404(LT  J.  Riccm).  Norfolk.  Portsmouth  VA;  Code  410.  Mare  Is..  Vallejo  CA;  Code 
440  Portsmouth  NH;  Code  440.  Norfolk;  Code  440.  Puget  Sound.  Bremerton  WA;  CtHle  440.4.  Chtirleston  SC; 

C ode 450.  Ch;irleston  SC;  Code  453 (Util.  Supr).  Vallejo C A;  L.D.  Vivian;  Library.  Portsmouth  NH;  PWDtCode 
4(K)).  Philadelphia  PA;  PWDtl.TN.B.  Hall).  Long  Beach  CA;  PWO.  Miirels.;  PWO.  Puget  Sound;  SCE.  Pearl 
Harbor  HI 

N.AVSTACO  Naval  Station.  Mayport  FL;  CO  Roosevelt  Roads  P R.  Puerto  Rico;  Engr.  Dir..  Rota  Spain;  Maint. 

Cont.  Div..  Gu;intanamo  Bay  Cuba;  Maint.  Div.  Dir/Code  531 . Rodman  Canal  Zone;  PWO  Midway  island:  P\5  O. 
Keflavik  Iceland:  PWO.  Mayport  FL;  PW'O.  Puerto  Rico;  ROICC.  Rota  Spain;  SCE.  Guam;  SCE.  .San  Diego  C.A; 

S(  E.  Subic  Bay.  R.P.;  Utilities  Engr  Of  t . ( LTJG  AS.  Ritchie).  Rota  Spain 
N AVSUBASE  ENS  S.  Dove.  Groton.  CT;  LTJG  D.W.  Peck.  Groton.  CT;  SCE.  Pearl  Harbor  HI 
NAVSUPPACT CO.  Brooklyn  NY;  CO.  Seattle  WA:  Code  4.  12  Marine  Corps  Dist.  Treasure  Is..  San  Francisco  CA; 

C ode  4 1 3.  Seattle  W A;  LTJG  McGarrah.  Vallejo  CA;  Plan/Engr  Div..  Naples  Italy 
NAVSURFW  PNCEN  PWO.  W hite  Oak.  Silver  Spring.  MD 
NAVTFC  HTRACFN  SCF.  Pensacola  FL 

NAVWPNCFN  Code  26.36(  W . Bonner).  China  Lake  CA;  PWO  (Code  26).  China  Lake  CA;  ROICC  (Code  702).  China 
l.akeCA 
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NAVWPNSl  AiC  lebak)  C olls  Neck.  NJ,  C(xle09:A(C.  Fredericks)  Seal  Beach  CA;  F.NSG.A.  Lowry.  Fallbrook 
C'.A;  Maim.  C ontrol  Dir..  Vorktown  VA;  PW  Office  (Code  09C  I ) Yorklown.  VA 
N.AVW  PNSUPPC'FN  Code  09  (Boennighausen) Crane  IN 
NC'BC  40.'  OIC.  San  Diego.  CA 
WPNS I A FARI.F;  Code  092.  Colts  Neck  NJ 

NCBCCFl.lC'APT  N.  W.  Petersen).  Port  Hueneme.CA;  C El.  AtJIC  Port  Huenemc  CA;  Code  10  Davisville.  Rl; 
Code  I-'-'.  Port  Hueneme  CA;  Code4(X).  CJulfport  MS;  PW  Engrg.  Gulfport  MS;  PWOlCode  80)  Port  Hueneme. 
CA;  PWO.  l>.ivisville  Rl 
NCBU  41  lOIC.  Norfolk  V A 
NCR  20.  Commiinder 
NCSO  BAHRAIN  Security  Offr.  Bahrain 
NMCB Operations  I'lept,;  Forty.  CO;  THREE.  Operations  Off. 

NSC  Code  -'4. 1 (Wynne).  Norfolk  V A 
NSD  SCE.  Subic  Bay.  R.P. 

NTC C'ommander Orlando.  FL;  SCEGreat  Lakes.  11. 

NL'SC' Code  I.JI  New  London.  CT;  Cixle  EAI2.J(R.S.  Munn).  New  London  CT 
OCE ANSYSl.ANT  LT  A.R.  Giancola.  Norfolk  VA 

OFFICE  SECRE'l  ARY  OF  DEFENSE  OASD(I&L)  Pentagon  (T.  Casberg).  Washington  DC 
NOR  DA  Code  440  (Ocean  Rsch.  off)  Bay  St.  Louis.  Ms 
ONR  Code  7(K)F  Arlington  VA 
PMTC  P.il.  C’ounsel.  Point  .Vlugu  C'.A 

PWC  ENS  J.E.  Surash.  Pearl  Harbor  HI;  ACF  Oflice  (1. TJCj  St.  Ciermain)  Norfolk  VA;  CO  Norfolk.  V A;  CO.  Great 
L;ikes  IL;Code  1 16(1. TJG.  A.  F.cklartiCireal  Lakes.  IL;  Ci'de  120.  Oakland  CA;  Code  I20C (Library  ) San  Diego. 
C A.  Cixle  128.  Ciuam;  Code  2(8).  Gr  'at  Lakes  IL;  Code  2(K).  Oakland  CA;  Code  220  Oakland.  CA;  Code  220. 1 . 
Norfolk  V.A;  Code  .WC  ( Boettcher)  san  Diego.  CA;  C'ode  40 (C.  Kolton)  Pensacola.  FL;  Code 42B  ( R.  Pascua). 
Pearl  Harbor  HI;  Code  .'().' .A  ( H . Wheeler);  Code  680.  San  Diego  CA;  OIC  CBU-405.  San  Diego  CA;  X( ) Oakland. 
CA 

spec  Cltde  I22B.  Mechanicsburg.  PA;  PWO  (Code  120)  Mechanicsburg  PA 
C.S.  MERCHANT  MARINE  ACADEMY  Kings  Pnint.  N't  (Repiint  Custodian) 

L'SCG (G-ECV761 ) (Burkhart)  Washington.  DC;  Cj-EOE-4/61  (T.  Dowd).  Washington  DC 
CSCCi  .AC.ADEMY  1.1  N . Stramandi.  New  London  CT 

L'SN.A  Ch.  .\lech.  Engr.  Dept  Annapolis  .\ID;  PW  D Fngr.  Die.  (C.  Bradford)  .Annapolis  M D 
CORNELL  UNIVERSITY  Ithaea  NY(Serials  IX-pt.  Engr  Lib.) 

DAMES*  MfXlRE  LIBRARY  LOS  ANGELES.  CA 
ILLINOIS  STATE  GEO.  SURVEY  Urbana  IL 

LEHIGH  UNIVERSITY  Bethlehem  PAd.inderman  Lib.  No. .40.  Flecksteiner) 

LIBRARY  OF  CONGRESS  WASHINGTON.  IK' (SCIENCES  * 1 FCH  DIV) 

MIT  Cambridge  M A;  Cambridge  M A (Rm  lO-.'IK).  Tech.  Reports.  Engr.  Lib. ) 

NY  CITY  COMMUNITY  COLLEGE  BR(K)KLYN.  NY  (LIBRARY ) 

PURDUE  UNIVERSITY  Lafayette.  IN  (CE  Engr.  Lib) 

CONNECTICUT  Hartford  CF  (Dept  of  Plan.  * Energy  Policy) 

UNIVERSI  TY  OF  CALIFORNIA  BERKELEY.  CA  (OFF.  BUS.  AND  FIN  ANCE.  SAUNDERS);  Berkeley  CA  (E. 
Pearson) 

UNIVERSITY  OF  DELAWARE  Newark.  DF.  ( Dept  of  Civil  Engineering.  Chesson) 

UNIVERSITY  OF  lEEINOIS  URBANA.  IE  (EIBRARY) 

UNIVERSITY  OF  MASSACHUSErrSiHeronemus).  Amherst  MACE  Dept 
UNIVERSITYOFNEBRASKA-LINCOLN  1 incoln.  NE  (Ross  Ice  Shelf  Proj.) 

UNIVEiRSTTY  OFTF.XAS  Inst.  Marine  Sci  (Library).  Port  Arkansas  TX 
UNIVERSITY  OF  WISCONSIN  Milwaukee  WI  (Ctr  of  Great  Lakes  Studies) 

URS  RESEARCH  CO.  LIBRARY  SAN  MATEO.  CA 
BECHTt'.LCORP.  SAN  FRANCISCO.  CA  (PHELPS) 

COLUMBIAGULFTRANSMISSION  CO.  HOUSTON.  TX  (ENG.  LIB.) 

DURl.ACH. O'NEAL.  JENKINS  & ASSOC.  Columbia  SC 
FORD.  BACON*  DAVIS.  INC.  New  York(Library) 

GLIDDEN CO.  STRONGSVILLE.  OH  (RSCH  LIB) 

LOCKHEED  MISSILES  & SPACE  CO.  INC.  Sunnyvale.  CA  (Phillips) 

MCIXJNNEL  AIRCRAFT  CO.  Dept  .'01  (R.H.  Fayman).  St  Louis  MO 
(K  EAN  DATA  SYSTEMS.  INC.  SAN  DIEGO.  CA(SNOIKiRASS) 
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RAVMONIMNTFRNATIONAI.  INC  CHERRY  Hil  l . NJ  (SOILTECH  DEPT) 
SHEI  .l.  DEVELOPMENT  CO.  HOUSTON..  TX  (TELES) 

WISS.  JANNEV.  ELSINER.<V  ASSOCNiMthbiook.  11. (J  ILinson) 

WOODW.ARIM  LI  DE  CONSULTANTS  PLYMOUTH  M EETINO  PA  (CROSS.  Ill) 
BRAHT/LaJollii.CA 

BRY.ANT  ROSE  Johnson  Div.  UOP.  GIcndoiaCA 
CiRECi  PAGE  EUGENE.  OR 
R E.  BESIEROlii  Saybrook  CT 
I .W.  MERMEL  Washington  DC 
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